We examine the spatial distribution and mass segregation of dense molecular cloud cores in a number of nearby star forming regions (Taurus, Aquila, Corona Australis, and W43) that span about four orders of magnitude in star formation activity. We use an approach based on the calculation of the minimum spanning tree, and for each region, we calculate the structure parameter Q and the mass segregation ratio Λ MSR measured for various numbers of the most massive cores. Our results indicate that the distribution of dense cores in young star forming regions is very substructured and that it is very likely that this substructure will be imprinted onto the nascent clusters that will emerge out of these clouds. With the exception of Taurus in which there is no mass segregation, we observe mild-to-significant levels of mass segregation for the 6th, 10th, and 14th most massive cores in Aquila, Corona Australis, and W43, respectively. Our results suggest that the clouds' star formation activity are linked to their structure, as traced by their population of dense cores. We also find that the fraction of massive cores that are the most mass segregated in each region correlates with the surface density of star formation in the clouds. The low star forming region of Taurus is associated with a highly hierarchical spatial distribution of the cores (low Q value) and the cores show no sign of being mass segregated. On the other extreme, the mini-starburst region W43 has a higher Q that is suggestive of a more centrally condensed structure and it possesses a higher fraction of massive cores that are segregated by mass. While some limited evolutionary effects might be present, we largely attribute the correlation between the star formation activity of the clouds and their structure to a dependence on the physical conditions that have been imprinted on them by the large scale environment at the time they started to form.
Introduction
The star formation process yields a large number of physical quantities and distribution functions that can be quantified by observations. Comparing these quantities and distributions between different star forming regions and/or with theoretical models and numerical simulations helps us gain insight into the relevance of various physical processes in different galactic environments. Some of the most studied quantities are the mass distribution of dense cores and of the stellar initial mass function in the early and emerging phases of the formation of stellar clusters (Dib 2014; Hony et al. 2015; Dib et al. 2017 ). The spatial distribution of dense cores in the early phases of star formation, of protostars in the phases of a cluster's buildup, and of stars in the (pseudo)gas-free phase of a young cluster, in conjunction with their masses and dynamics can also encapsulate critical information on how clusters assemble and form in different environments.
The spatial distribution of stars in young and in evolved clusters has received a substantial amount of attention both in observations (McNamara & Sekiguchi 1986; Sánchez & Alfaro 2009; Gouliermis et al. 2014; Parker & Alves de Oliveira 2017; Dib et al. 2018 ) and in numerical simulations of star forming regions (Schmeja & Klessen 2006; Lomax et al. 2011; Parker & Dale 2015; Gavagnin et al. 2017) . However, quantifying the structure of star forming regions in the very early phases of star formation has remained elusive. This was principally due to the scarcity of observational data with the adequate spatial resolution to probe core masses in the stellar mass regime. With the advent of the Hershel space observatory (hereafter Herschel) and the Atacama Large Millimiter Array of radiotelescopes (ALMA), it is now possible to probe the spatial and mass distributions of dense structures in nearby star forming regions down to the mass regime of proto-brown dwarfs. The high sensitivity and spatial resolution of both Herschel and ALMA has provided so far unprecedented insight into quantities such as the dense core mass function (CMF) in the regions of Aquila, Taurus, Corona Australis, and W43 Könyves et al. 2010 Könyves et al. ,2015 Marsh et al. 2016; Bresnahan et al. 2018; Motte et al. 2018) . The published CMFs of these regions suggest, at the very least, a striking difference between the low mass star forming regions such as Aquila and Taurus, and regions of massive star formation such as W43. When described by a power law fit of the form dN/dM ∝ M −α , the derived value of α for W43 is ≈ 1.9 which makes the CMF of W43 ostensibly shallower than the ones for the low mass star forming regions for which the derived values of α ≈ 2.3. Dib et al. (2008a) showed that the slope of the CMF is steeper for cores that are defined using molecular species that trace higher densities of the gas and that are associated with an increasing degree of gravitational boundedness of the cores. However, in the case of the aforementioned star forming regions, the differences in the slopes of the CMF cannot be attributed to the effects of the density tracers as all of the cores in those regions are associated with high densities which suggests they are A&A proofs: manuscript no. segreg very likely gravitationally bound. Within individual star forming regions, it has now been established that there are environmental differences between the populations of cores that are found on and off the filamentary structure of the clouds (Polychroni et al. 2013; Olmi et al. 2016; Kainulainen et al. 2017; Bresnahan et al. 2018) . This can be attributed to effects of early mass segregation and/or to an extended phase of gas accretion by cores that reside inside the filaments (Dib et al. 2010) .
We complement the picture provided by the CMF of these different regions by analyzing the spatial distribution of their populations of dense cores. The structure and mass segregation of the cores in these regions lock important information on how star clusters form and evolve in different galactic environments. A number of studies have suggested a similarity between the structure of young clusters and of molecular clouds (Elmegreen et al. 2006; Gouliermis et al. 2014) , while other works have argued that the similarity between the gas distribution and the distribution of stars can be quickly altered by the effects of rapid gas expulsion or by gas tidal shocking of the young star clusters by surrounding gas clouds (Kruijssen et al. 2012) . The question of whether the most massive stars in young clusters are mass segregated with respect to the total population of stars is still highly debated and has received a significant amount of attention both in observational studies (de Grijs et al. 2002; Gouliermis et al. 2004; Kerber & Santiago 2006; Chen et al. 2007; Bontemps et al. 2010a; Er et al. 2013; Habibi et al. 2013; Lim et al. 2013; Elmegreen et al. 2014; Yu et al. 2017; Kuhn et al. 2017; Dib et al. 2018 ) and in theoretical/numerical works (Bonnell et al. 2003; Dib et al. 2007a; Dib 2007; Dib et al. 2008b; Küpper et al. 2011; Olczak et al. 2011; Maschberger & Clarke 2011; Geller et al. 2013; Sills et al. 2018) . The debate expands on whether the observed levels of mass segregation are primordial or due to dynamical interaction between stars in the clusters (Khalisi et al. 2007; Dib et al. 2018) .
In this work, we measure the spatial distribution of dense cores in the regions of Aquila, Taurus, Corona Australis, and W43 using the Q parameter (Cartwright & Whitworth 2004) . We also quantify the levels of mass segregation in those regions using a measurement of the mass segregation ratio following the methods of Allison et al. (2009) and Olczak et al. (2011) . We also explore how the structure of these star forming regions and their levels of mass segregation correlate with their star formation activity. The paper is organized as follows: in §. 2, we briefly present the data sets that are used in this study. In §. 3, we recall the basics of the methods used to quantify the structure parameter and mass segregation ratios. In §. 4, we present our results and discuss them in light of previous work in §. 5. In §. 6, we conclude.
The data set of star forming regions
We use the publicly available data of the following star forming regions: Aquila, Taurus, Corona Australis, and W43. Observations for the first three regions were performed in the framework of the Herschel satellite Gould Belt survey (Andé et al. 2010 ) with a wavelength coverage in the submm bands going from 70 to 500 µm. For all regions, the cores were extracted using the getsources algorithm (Men'shchikov et al. 2012) . In Aquila, the area of the field covered by the Herschel observations is ≈ 11 deg 2 and the source extraction permitted the identification of 651 cores of which 446 are gravitationally bound and can be considered as prestellar cores Bontemps et al. 2010b; Könyves et al. 2010 Könyves et al. ,2015 . In the cloud Corona Australis, the field covered by the observations has a surface area of 29 deg 2 . When applied to the Herschel map of the region, getsources identified 163 cores, out of which 99 are prestellar core candidates (Bresenahan et al. 2018) . in Taurus, we use the data related to the identification of dense cores around the L1495 sub-region which covers a surface area of ≈ 8 deg 2 (Marsh et al. 2016) . The application of getsources permitted the identification of 525 starless cores and 52 prestellar gravitationally bound cores. The dense cores in the W43 massive star forming region were extracted using getsources from the 1.3 mm maps using ALMA observations of the region (Motte et al. 2018) . For this region, getsources returned 131 cores. However, the observations do not distinguish yet whether these cores are unbound or whether they are prestellar in nature. As pointed out in Motte et al. (2018) , the characterization of the gravitational boundedness of these cores requires more scrutiny 1 .
Methods
We quantify the spatial distribution and mass segregation of dense cores using the same tools as those presented in Dib et al. (2018) . Namely, we use two methods based on a Minimum Spanning Tree (MST) which is the unique set of straight lines ('edges') connecting a given set of points without closed loops, such that the sum of all edge lengths is a minimum (Kruskal 1956; Prim 1957; Gower & Ross 1969) .
The Q parameter
We characterize the spatial distribution of the cores with the Q parameter (Cartwright & Whitworth 2004) which is given by:
We recall that the Q parameter combines the normalized correlation lengths, i.e., the mean distance between all stars, and the normalized mean edge lengthl MST derived from the MST. The Q parameter allows us to distinguish between structures with a central density concentration and those that are more hierarchical with a fractal substructure. Large Q values (> 0.8) are associated with centrally condensed spatial distributions with radial density profiles of the type ρ(r) ∝ r −α (with α > 0), while small Q values ( < 0.8) indicate spatial distributions with a fractal substructure. Q is correlated with α for Q > 0.8 and anticorrelated with the fractal dimension D for Q < 0.8 (Cartwright & Whitworth 2004 , in particular see Figure 5 in their paper). A detailed description of the method, and in particular its implementation used in this study, is given in Schmeja & Klessen (2006) . The Q parameter has been previously used to study the spatial distribution of dense cores and protostars in star forming regions (Guthermuth et al. 2009; Broekhaven-Fiene et al. 2014; Alfaro & Román-Zúñiga 2018; Parker 2018 ) and of stars in both young (Cartwright & Whitworth 2004; Schmeja & Klessen 2006; Schmeja et al. 2008 ) and evolved clusters (Gouliermis et al. 2012; Fernandes et al. 2012; Delgado et al. 2013; Kumar et al. 2014; Gregorio-Hetem et al. 2015; Dib et al. 2018) . Fig. 1 . Spatial distribution of dense cores in the four star forming regions considered in this work. The sizes of cores have been scaled (with an arbitrary formula) according to their masses (i.e., larger sizes relate to more massive cores) in order to visually highlight the location of the most massive cores.The minimum spanning tree (MST) for the 6 and 50 most massive cores in each region are displayed with the yellow and purple lines, respectively.
Mass segregation ratio
Allison et al. (2009) introduced the mass segregation ratio (MSR), Λ MSR , as a measure to identify and quantify mass segregation in clusters. The method is based on the calculation of the length of the MST, l MST , which measures the compactness of a given sample of vertices in the MST. The mass segregation of a cluster is measured by comparing the value of l MST of the n MST most massive stars, l mp MST , with the average l MST of k sets of n MS T random stars, l rand MST . The value of Λ MSR is then given by:
The method has been modified by Olczak et al. (2011) by using the geometric mean rather than the arithmetic mean in order to minimise the influence of outliers. This method works by constructing the MST for the n MST most massive stars and determining the mean edge length γ mp . Then, we construct the MST of the same number of randomly selected stars from the entire sample and determine the mean edge length γ rand . The value of the MSR following Olczak et al. (2011) , Γ MSR , is then given by:
In this work, we compute both Λ MSR and Γ MSR . In each case, this is done 100 times in order to obtain the mean quantities l rand MST and γ rand MS T . A value of Λ MSR ≈ 1 (respectively Γ MSR ≈ 1) implies that both samples of stars (i.e., the most massive and the randomly selected) are distributed in a similar manner, whereas Λ MSR ≫ 1 (respectively Γ MSR ≫ 1) indicates mass segregation, and Λ MSR ≪ 1 (respectively Γ MSR ≪ 1) points to inverse mass segregation, i.e. the massive stars are more spread outwards than the rest. 
Notes.
(a) Only the region L1495 of Taurus is considered in this work (b) This is only valid under the assumption that all cores detected in W43 are gravitationally bound. Fig. 2 . The mass segregation ratios Λ MSR (Allison et al. 2009, top row) and Γ MSR (Olczak et al. 2011, bottom row) as a function of the number of cores used for computing them n MST . The values of Λ MSR and Γ MSR are calculated for the entire population of cores in the star forming regions (left column) and for the populations of bound cores (prestellar cores and cores with a protostar).
Results
We derived the values of Q, Λ MSR , and Γ MSR for the regions L1495 in Taurus, Aquila, Corona Australis, and W43. For each region, we measure these quantities both for the total population of cores and for the sub-sample of gravitationally bound cores. The latter category includes cores that have been assessed as being prestellar (i.e., gravitationally bound) and cores that already harbor a protostar. The calculations for Λ MSR and Γ MSR are performed for values of n MST ranging from n MST = 3 to n MST = 100. The values we found for these different regions are summarized in Tab. 1. For Λ MSR , and Γ MSR we report in Tab. 1 their maximum values (Λ max MSR and Γ max MSR , only if larger than 2) and the corresponding value of n MST at the location of the peak (given between brackets).
The first observation that can be made is that the Q value of all regions are well below the transition value of 0.8, which qualifies all of these regions as having a hierarchical structure. These numbers quantify what is already visible by eye in Fig. 1 . An Fig. 3 . The correlation between the structure parameter, Q for the entire and bound populations of cores (dashed and full lines, respectively) versus the surface density of star formation Σ SFR (top panel) and the correlation between the ratio of the most segregated massive cores to the total number of cores and the Σ SFR .
interesting aspect is that the region with the smallest star formation activity, Taurus, displays the smallest value of the Q parameter, particularly for its population of gravitationally bound cores. The higher level of fractal structure in Taurus could be associated with a younger age of the region and/or with processes that are preserving the fractal structure of the cloud for a more extended period of the cloud's lifetime. One of these physical agents could be stronger magnetic fields that are prevalent in Taurus (Heyer & Brunt 2012) . The Q parameters for the population of bound cores in these regions display the same behavior, with the bound cores in Taurus exhibiting stronger levels of substructure. The values of Q derived here for dense cores are markedly smaller than those found for open clusters including young clusters (with ages 10−12) which have Q values that lie in the range 0.65-0.8 (Dib et al. 2018) .
In terms of mass segregation, the regions of Aquila, Corona Australis, and W43 show significant levels of mass segregation for the 6th, 10th, and 14th most massive cores, respectively (see Fig. 2 and Tab. 1). This is observed both in the Λ MSR and Γ MSR parameters. In contrast, the cores in Taurus do not show signs Article number, page 4 of 6 Sami Dib , Thomas Henning: Structure and mass segregation in the early phases of star forming of mass segregation. With the exception of Taurus, these results imply that mass segregation is primordial i.e., massive cores, and as a consequence massive stars, tend to form in the centre of the star forming regions rather than fall into the centre by dynamical effects. The physical mechanism by which this occurs is likely related to the assembly process of the clouds and to the formation of a deeper gravitational potential towards their central regions. In a deep potential well, the accretion of gas by the cores and their mass growth is enhanced, leading to the observed levels of mass segregation (Dib et al. 2010) . In contrast, in a region like Taurus with a shallower density profile, both the accretion and the relative motions of cores might be smaller due to magnetic support, and the effects of mass segregation are absent or delayed.
We explore whether the value of the Q parameter, both for the total population of cores and for the gravitationally bound ones is related to the star formation activity of the clouds, represented by the surface density of star formation, Σ SFR . For Taurus, the value of Σ SFR was derived using YSO counts from Rebull et al. (2010) and an A V > 2 gas mass from Pineda et al. (2010) . This yields a value of ≈ 0.14 M ⊙ yr . Fig. 3 (top panel) displays the correlation between the structure parameter, Q for the entire and bound populations of cores (full and dashed lines, respectively) versus Σ SFR . A correlation is observed in which clouds that are more hierarchical in nature are associated with lower surface densities of the star formation rate, Σ SFR . The star formation activity is also correlated with the population of the most massive cores in each region that are found to be strongly mass segregated. Fig. 3 (bottom panel) displays the correlation between Σ SFR and the ratio of the number of massive cores that are most mass segregated to the total number of cores in the star forming regions η segreg = N segreg /N tot . A clear correlation is observed by which a higher star formation activity in the cloud is associated with a larger fraction of mass segregated massive cores. The data points in Fig. 3 (top and bottom) are only snapshots of the star forming regions at a given time in their evolution. One expects that if a star forming region contracts globally under its own self-gravity, it will likely move in Fig. 3 (top) towards higher Q and Σ SFR values. However, we expect that for regions such as Aquila and Corona Australis, the ascent along this track will be halted before they can reach substantially higher values of Q and Σ SFR . This is primarily due to the fact that dense cores have finite lifetimes that are shorter than the regions crossing times. Thus, it is likely that gas will be expelled from each of the region proto-subclusters and the evolution towards a more centrally condensed structure with higher Q values that are measured for open clusters (Dib et al. 2018) can proceed in the gas-free phase without being accompanied by a increase in the Σ SFR . Therefore, we attribute the region-to-region variations of Q and Λ MSR and the correlation between these quantities and the star formation activity of the clouds to differences in the physical conditions that have been imprinted on them by the large scale environment at the time they started to form. It is important to point out that the correlations observed in Fig. 3 are obtained using only 4 star forming regions. A larger body of observational data is needed before we can derive a more robust quantitative dependence between Σ SFR and the structure and mass segregation of dense cores in star forming regions. Nonetheless, these results offer a novel way for looking at the interplay between the structure of molecular clouds and their star formation rates.
Comparison to previous work and discussion
A few studies on individual star forming regions by other group corroborate our findings. Alfaro & Román-Zúñiega (2018) analyzed the structure and mass segregation of dense cores in the quiescent Pipe nebula cloud which is characterized by a very low star formation activity (Lada et al. 2008) . While in our case we chose to present an analysis of Q and Λ MSR (and Γ MSR ) for the total and bound population of dense cores, Alfaro & Román-Zúñiega (2018) took a different approach and measured these parameters for cores selected in different bins of mass and gas density. For the Pipe nebula cloud, they found Q values that are smaller for dense cores/peaks selected at either lower masses or lower gas volume densities of the order of ≈ 0.4, similar to what we have measured for Taurus. They also found that the Λ MSR values are relatively insensitive to the choice of the range of these physical parameters. Parker (2018) analyzed the spatial distribution of prestellar cores in the Orion B cloud using the JCMT SCUBA-2 observations of Kirk et al. (2016) . Fig. 3 . This is primarily due to the fact that the core selection for the Pipe and Orion B clouds were performed using different core extraction methods/algorithms (i.e., CLUMPFIND and peak selection method) and a quantitative comparison using inhomogeneous data sets can lead to misleading conclusions. Nonetheless, the results of these two other studies are broadly consistent with our findings in that the low star forming Pipe molecular cloud has a small Q parameter, similar to the one we derived for Taurus, while the more intensely star forming regions in the Orion B cloud have a higher Q values.
The existence of substructure in star forming regions is a direct consequence of turbulent fragmentation. When turbulence is injected into the cloud on large physical scales (i.e., scales equal or larger than than cloud scale), a natural consequence of the turbulent cascade is the formation of a network of compressed, post-shock regions of different sizes (Dib et al. 2007b , Federrath et al. 2010 Burkhart et al. 2012; Padoan et al. 2014) . Furthermore, as these substructures continue to fragment to smaller scales, forming dense cores, a non-zero level of mass-segregation can be expected, as more massive cores are statistically more likely to form in more massive substructures due to the availability of a larger mass reservoir (Padoan & Nordlund 2002) . In supersonic clouds that are magnetically subcritical (such as Taurus), star formation, which is mediated by ambipolar diffusion, proceeds at a slower pace due to effects of magnetic pressure which prevents substructure from merging efficiently (Nakamura & Li 2005; Dib et al. 2007b ). Thus, a higher level of substructure in the clouds could be indicative of either a young age for the region or of the existence of a strong magnetic support.
With regard to the question of whether mass segregation is primordial or induced by the dynamical evolution of an initially sub-structured cluster, Domínguez et al. (2017) argued that a young cluster will quickly settle into a state where the most massive stars are mass segregated, regardless of the existence/absence of mass segregation within its different levels of substructure. On the other hand, Dib et al. (2010) argued that mild levels of mass segregation that can be generated by turbulent fragmentation could be significantly enhanced by gas accretion onto the cores. Dib et al. (2007b) proposed that another efficient channel for imprinting a significant level of primordial mass segregation is by the coalescence of cores. The process is more efficient in the densest regions of protocluster clouds where cores are more closely packed, and it may be the dominant mode of star formation in the centre of massive starburst clusters such as Arches and NGC 3603.
Conclusion
We have analyzed the spatial distribution and mass segregation of dense cores in a number of nearby (Taurus, Corona Australis, and Aquila) and more distant (W43) star forming regions. The observations for these regions were performed using the Herschel space telescope for the first three regions, and the Atacama Large Millimeter Array for W43. Cores were extracted in those four regions with a similar technique using the getsources algorithm (Men'shichikov et al. 2012) . For each region, we quantify the spatial distribution of the cores using the Q parameter and the mass segregation ratios Λ MSR . Our analysis indicates that the spatial distribution of dense cores in those regions is very substructured. Given the relatively short lifetimes of most of these cores, it is thus very likely that the emerging young clusters in those regions will inherit the same level of substructure that is found for their parent core population. With the exception of Taurus, we observe mild-to-significant levels of mass segregation for the 6th, 10, and 14th most massive cores in Aquila, Corona Australis, and W43, respectively.
We show, for the first time, that the spatial distribution of dense cores is positively correlated with the star formation activity in the clouds, represented by the surface density of the star formation rate, Σ SFR . Regions that have the lowest star formation activity (i.e., Taurus) are those that display higher level of substructure and no signs of mass segregation of the cores. In contrast, regions with an intense star formation activity (W43) have a higher Q value which is indicative of a larger role by gravity in assembling a more centrally condensed structure. We also show that the ratio of the most massive cores that display the strongest levels of mass segregation to the total number of cores is also correlated with the Σ SFR . Our findings could be affected, to a limited extent, by effects of time evolution, with substructures merging due to gravity and forming a more centrally condensed distribution. However, we argue that are likely due to a dependence on the physical conditions in the clouds and which have been imprinted on them by the large scale environment at the time these clouds started to form. The analysis of a larger sample of clouds will allow us to shed more light on the interplay between star formation in clouds and the spatial distribution of dense cores, and help us better understand how star clusters form and evolve.
